The performance of poly(4-methyl-2-pentyne) (PMP)/silica nanocomposites was studied for membranes with a filler content between 10 and 40 wt%. An increase in permeability and a constant vapor selectivity were measured with increasing filler content. The constant selectivity was in contrast to earlier published results for silica filled poly(1-trimethylsilyl-1-propyne) (PTSMP) membranes. Therefore, a comparison between both materials was made. Free volume sizes and interstitial mesopore sizes were determined by use of positron annihilation lifetime spectroscopy (PALS) and image analysis was performed on TEM pictures of both materials. Although both materials possessed interstitial mesopores, a difference in membrane structure was noticed, explaining the difference in membrane performance.
Introduction
Polymer membranes in the gas separation industry have attracted much interest in the past decades, mostly because of their potential energy saving capacity compared with more conventional separation techniques. Polyacetylene-based polymers, and especially poly(1-trimethylsilyl-1-propyne) (PTMSP) membranes have been studied intensively for applications in this field [1] [2] [3] . PTMSP has a glassy nature at room temperature (T g > 200 °C) and is characterized by high permeabilities, which are attributed to the high free volume content of the polymer matrix [4, 5] . PTMSP is more permeable to large condensable vapors than to small permanent gas molecules, making the polymer well suited for vapor separation applications like the removal of higher hydrocarbons from hydrogen streams and the recovery of organic vapors from process streams.
A few years ago, Merkel et al. [6] discovered that the incorporation of nanoscale, nonporous fumed silica particles into PTMSP can increase the already high permeability of the membrane. This increase resulted in their opinion from the capacity of the silica particles to disrupt the polymer chain packing and thus increasing the free volume available for molecular transport. Our research team performed positron annihilation lifetime spectroscopy (PALS), membrane performance and TEM studies on silica filled PTMSP nanocomposites. An increase in permeability but a decrease in selectivity was measured [7] . Simultaneously, an increase in the mean size of the larger free volume elements in the PTMSP matrix was observed. Also the existence of interstitial mesopores was noticed in the nanocomposite and the as-received fumed silica as well [8] . The interstitial cavities seemed to be situated between the particles of silica aggregates. The existence of these aggregates was confirmed by TEM images. A clear correlation between the size of the interstitial mesopores and the permeability of the nanocomposite was observed. The presence of the mesopores in the materials explained also the selectivity decrease with increasing filler content, because the vapor could no longer block the pores for the permanent gas.
Another polyacetylene-based polymer is poly(4-methyl-2-pentyne) (PMP). PMP is less permeable, but more stable in time and especially more solvent-resistant than PTMSP, making it more attractive for use in industrial environments [9] . For this polymer, Merkel et al. [10] reported an increase in permeability and simultaneously in vapor selectivity, upon incorporation of nanosized silica particles in the polymer matrix. The aim of our study is to gain insight in the structure and gas permeation properties of nano-filled PMP in comparison to our earlier studies on PTMSP nano-composites comprising the same filler particles [7, 8] .
Experimental

Materials
Poly(4-methyl-2-pentyne) (PMP) was synthesized by Hasselt University, Belgium. The synthesis method for PMP is provided in detail elsewhere [9] . The fumed silica used as filler, Cabosil TS-530, was purchased from Cabot Corporation, Germany. TS-530 is a hydrophobic silica due to a treatment with hexamethyldisilazane. The reported density is 2.2 g/cm³, the specific surface area 220 m²/g. The individual particle diameter calculated from the surface area and density when a spherical shape is assumed, is about 12 nm.
The cyclohexane used as solvent for PMP was delivered by Merck. Pure gases for permeability experiments (nitrogen, hydrogen, and methane) as well as the gas mixture containing 2 vol% butane and 98 vol% methane were purchased from Praxair, Belgium.
Membrane preparation
Dense films of unfilled PMP were prepared by casting a cyclohexane solution (2 wt%) on a glass plate. The plate was covered with a glass dish to slow the rate of solvent evaporation. The films were dried at ambient conditions for 10 days.
Filled PMP films were solvent casted silica-polymer mixtures. These mixtures were prepared as described elsewhere for PTMSP [7] : First, 10 -40 wt% silica (based on polymer) were dispersed in cyclohexane at room temperature applying ultrasonic treatment for 30 min followed by magnetic stirring for 3h. Secondly, PMP was dissolved in silica/cyclohexane dispersion by stirring with a magnetic stirrer for 4 days. After this, the solution was cast on a glass plate. The drying procedure of dense PMP films was also used for the PMP-silica nanocomposites. The cast membranes had a thickness of around 65 µm.
Permeability and selectivity measurements
Pure-gas transport properties of filled and unfilled PMP membranes were determined by exposure to nitrogen, hydrogen and methane at the University of Twente in the Netherlands. The variable pressure method as described by Kapantaidakis and Koops was used [11] . Gas permeabilities were determined at a temperature of 35 °C and were calculated from the pressure increase as a function of time in a calibrated volume at the permeate side.
Also mixed-gas permeation properties of filled and unfilled PMP membranes were determined. A mixture containing 2 vol% butane and 98 vol% methane was used as feed stream. The feed pressure was kept at 3 bar (unless mentioned otherwise), vacuum was installed at the permeate side. The feed and permeate compositions were analyzed with a Perkin-Elmer gas chromatograph equipped with an Alumina F-1 column. The retentate flow rate was set at 150 ml/min.
All measurements were conducted on two membranes simultaneously. The used membrane samples had no permeation history and were two months old.
Positron annihilation lifetime spectroscopy
The free volume and interstitial cavity sizes in PTMSP nanocomposite membranes and neat materials were investigated by positron annihilation lifetime spectroscopy (PALS).
PALS is a technique which probes the free volume cavities by measuring the lifetime of ortho-Positronium (o-Ps) before annihilation at the free volume sites of the polymer.
The lifetime (τ 3 ) of o-Ps is a direct measurement of the free volume size, according to the Tao-Eldrup equation [12, 13] :
The Tao-Eldrup equation models the free volume in polymers as spherical cavities with a radius R. An o-Ps in a spherical free volume cavity is described as a particle in a spherical potential well with a radius R 0 = R + ∆R, where ∆R is an electron layer with a thickness of 0.166 nm. 
TEM
The TEM samples were cut with a cryo-ultramicrotome. They were investigated with a Philips CM12 transmission electron microscope. The lines in the TEM images were caused by the diamond knife used during the specimen preparation. The bright field images in the TEM mode allowed only absorption and diffraction contrast.
Image analysis
For performing image analysis on silica aggregates, the procedure described by Mullens et al. [14] was followed:
Step 1: Image acquisition
Transmission electron microscopy (TEM) was used for image acquisition. In Figure 1 , a TEM picture of a filled polymer and the corresponding histogram were presented. In the ideal case, a clear separation of the pixels of the polymer matrix and the pixels of the silica aggregates should exist. However, in this case the grey values in the aggregates and grey values representing the polymer overlapped. Moreover, grey values of the background (polymer) were not uniform, caused by the wrinkling of the sample due to sample preparation. There was also a problem of edge effects. Therefore, image enhancement was needed.
Step 2: Image enhancement
Image enhancement was needed to obtain sufficient contrast between the polymer matrix (light area) and the silica particles (dark area). The selection of the region of interest excluded edge effects and incomplete representation of certain features by frame limitations. Image defects were suppressed by improvement of contrast and the use of combinations of erosion and dilation ( Figure 2 ). Adjustment of brightness and contrast was performed to obtain background uniformity ( Figure 3 ). In the final enhancement step, the area of the aggregates were filled (Figure 4 ).
Step 3: Image thresholding
The next step in the image analysis procedure was threshold segmentation, a technique by which pixels that represent the actual feature of interest are identified in the image by selecting a specific range of grey values within the histogram. All the resulting pixels within this grey value range were considered as black, while the remaining pixels were considered as white. A binary image was the result of this step ( Figure 5 ).
Step 4: Identification of the aggregates
Identification of the different aggregates was the result of the performed steps. Colors were used to highlight separated aggregates ( Figure 6 ).
Step
5: Measurements
Once the features were unambiguously identified by the routine, size measurements were performed. Aggregate size distributions were derived from the calculation of the area of the individual aggregates. The area of each aggregate was determined by counting the number of pixels in each aggregate, multiplied by the area of one pixel. The diameter of a circle with the same area as the aggregate was called the equivalent diameter and could be calculated as:
The equivalent diameters of the aggregates were classified in a histogram and analyzed statistically.
Results and discussion
Permeability and selectivity of silica filled PMP membranes
In Table 1 , the permeability coefficients and ideal selectivities measured for unfilled PMP membranes are summarized. All data are collected with a feed pressure of 3 bar and a feed temperature of 35 °C. The measured values are lower than values reported earlier [3] . Physical aging can be the reason of this discrepancy. The data reported in this work are for aged membranes, the earlier published data are for freshly casted membranes. The ideal selectivities are low compared to those obtained for conventional glassy polymers. This is a known phenomenon for high free volume polymers [2] . For these polymers, in general solubility selectivity dominates over diffusivity selectivity. Table 2 presents the mixed gas properties of unfilled PMP membranes for a feed mixture containing 2 vol% n-butane in methane. Just like PTMSP, PMP is more permeable for highly condensable gases like n-butane than for methane. The n-butane/methane selectivity value of 5.12 corresponds well with values mentioned by Lokhandwala et al. [15] , but is lower than other values mentioned in literature by Merkel et al. [10] and Pinnau et al. [3] . It is slightly higher than the ideal selectivity calculated for low feed pressure (because the partial pressure of n-butane in mixed-gas measurements is low). It seems that the reversed selectivity is based on the dominance of the solubility selectivity.
Condensation of n-butane, causing pore-blocking of methane, is not a significant effect under these conditions of feed pressure and temperature. Selectivity values mentioned in literature are measured at lower temperature (25 °C) and higher feed pressure. Figure 8 shows the effect of the filler content on the n-butane/methane mixed gas selectivity of the PMP membranes. This selectivity turns out to be independent of filler content. This proves that the increasing permeability is not caused by large defects created by adding silica particles. The constant selectivity is different from the results measured for filled PTMSP membranes [7] and does not confirm the large selectivity increase mentioned by Merkel et al. [10] .
The relative mixed and single gas methane permeabilities are presented as a function of filler amount in Figure 9 . The higher the filler content, the larger the difference is between the mixed gas and the single gas permeability. The permeation of methane seems less hindered by the presence of n-butane when more filler particles are added to the polymer. Such phenomenon has also been observed in silica filled PTMSP membranes [7] . Propane was blocking hydrogen permeation in unfilled PTMSP. Due to the creation of extra pores by incorporating silica, blocking was prevented. Possibly, this is also the case with butane and methane in silica filled PMP membranes. Therefore, it is important to characterize the free volume and the occurrence of additional cavities in nano-filled PMP composites. [6, 8] . For PTMSP, it is noticed that although the polymer free volume size increase was relevant for the permeability of the membrane, the effect of the existence of interstitial mesopores is even more dominant. The existence of the interstitial pores and their increase as function of filler content can explain the increase in permeability measured for silica filled PMP membranes.
Free volume and interstitial pores
From the data summarized in Table 3 , the conclusion can be made that there exist additional pores in PMP/silica nanocomposites. The evolution of the radius of these cavities as a function of filler content is presented in Figure 11 . The mesopores are still present when the silica particles are incorporated in PMP. These results are similar to the results obtained earlier for silica filled PTMSP membranes [8] , also shown in Figure 12 .
The linear increase is less clear for PMP than for PTMSP. This is caused by the low intensities of the fifth lifetime which lead to larger errors, especially in the PMP membranes with the lowest filler contents. In general, the values measured for PTMSP and PMP are comparable. The mean radius of the mesopores in PTMSP and PMP nanocomposites increase in both systems from 1.0 nm to 1.27 nm of fumed silica and is clearly governed by the fraction of particles in the polymer matrix. The data strongly suggest that the interstitial cavities were partially filled with polymer material, caused by the removal of the solvent and collapse of the fumed silica aggregates in the presence of the polymer matrix during preparation of the membranes. The partial filling of the aggregates is more efficient at lower silica content since a larger amount of macromolecules is available per unit filler surface.
Effect of interstitial cavities on the membrane performance
Earlier reported results for PTMSP-silica membranes showed a clear correlation between the size of the interstitial cavities and the pure gas permeabilities of the membrane [7] . In Figure 12 , the nitrogen, hydrogen and methane permeabilities are plotted against the size of the interstitial mesopores, for PMP membranes. The correlation is not as clear as for filled PTMSP membranes. This is probably caused by the larger error measured on the size of the interstitial mesopores for PMP.
As presented in Figure 8 , the butane/methane selectivity of the membranes is independent of the amount of filler incorporated in the PMP matrix. Nevertheless, the interstitial mesopores are of such size that no selectivity between butane and methane would be expected. In that case, a decrease of the total membrane selectivity could be anticipated.
The intensity is increasing with increasing filler content. It is thus likely that the intensity can be correlated with the amount of aggregates and thus the total amount of interstitial cavities.
Differences and similarities between PTMSP-silica and PMP-silica membranes
Although PTMSP and PMP are similar polymers, the effect of incorporating hydrophobic silica particles on gas permeation properties is different. The gas permeabilities are increasing with increasing filler content for both systems. For PTMSP, this increase is caused by the increase in free volume and the existence of large interstitial mesopores.
For PMP, only the interstitial mesopores are responsible. Also for gas selectivities, a difference is observed between PTMSP and PMP membranes. The propane/hydrogen selectivity of PTMSP membranes is decreasing when silica particles are added, while the butane/methane selectivity of PMP membranes is not affected. These results suggest that the aggregate structure of the filler particles in the polymer matrix may play a significant role in the differences of performance of the membranes.
TEM and image analysis
In Figure 13 , TEM pictures of PMP membranes with 10 and 30 wt% silica are shown.
The silica particles are clearly aggregated in the polymer matrix. The size and the amount of aggregates in the membranes are increasing with increasing filler content similar as we have reported earlier for PTMSP silica membranes [7] . At 10 wt% silica content a broad distribution of aggregate sizes can be observed, it can not be ruled out that single dispersed particles also are present.
To investigate the similarities and differences between the two systems quantitatively, image analysis is performed on representative TEM pictures of PTMSP and PMP membranes containing 10 wt% silica. For both samples, 10 % of the total surface of the image is occupied by silica aggregates. In Figure 14 , the percentage of the total amount of aggregates with a certain diameter size is presented. In PTMSP, more than 30 % of the aggregates have a diameter above 300 nm. These large aggregates correspond to more than 75 % of the total aggregate surface ( Figure 15 
Discussion
From TEM and PALS measurements it can be concluded that PTMSP nanocomposites contain more large aggregates and more interstitial cavities than PMP nanocomposites.
Gas permeabilities of both materials are increasing with increasing filler content. The increase in permeability dependent on the gas, but the overall order P(H2) > P(CH4) > P(N2) remains. The transport through the membranes is dominated by the permeation through the polymer phase, but the permeability is increased due to additional fast transport through interstitial voids and the change in polymer matrix properties.
For PTMSP, the propane/hydrogen selectivity decreases as a function of filler content due to the presence of the large interstitial holes. This suggests that there is a pathway through the membrane where pore blocking is not efficient. The interstitial mesopores are probably interconnected, forming perculating channels through the thickness of the membrane.
For PMP, no decrease in butane/methane selectivity is observed. From TEM pictures and PALS measurements we have shown that PMP/silica nanocomposites contain fewer large aggregates and less interstitial holes. Consequently, the formation of transport channels through the membrane is unlikely, resulting in a constant selectivity (Figure 8 ). In Figure   16 a simplified structural model is presented which constitutes two extremes: the formation of perculating aggregate structures on one hand and on the other hand the formation of homogeneously dispersed aggregate structures. These schematic drawings represent in their extremes parallel (a) and series (b) models for illustrating structureproperty relations for composites.
Reason of different nature of aggregates is not totally clear at this moment. The aggregate structure is certainly influenced by the use of different solvents, the surface polarity of the filler particles and the polymers used in the PMP and PTMSP systems. Further research will focus more on this.
Conclusions
PMP membranes with different amounts of hydrophobic silica particles were studied. The influence of adding silica particles to the polymer matrix on membrane performance was measured. The addition of hydrophobic silica leads to an increase in permeability. In contrast with the selectivity results published earlier for filled PTMSP membranes [7] , mixed gas measurements on PMP show an almost constant vapor selectivity. The polymer free volume is not changing by the incorporation of silica, but interstitial cavities are formed. For PTMSP-silica membranes [8] , these cavities are situated between the particles in the silica aggregates. A correlation between the size of the interstitial cavities and the pure gas permeabilities is observed.
TEM studies and image analysis were performed to find an explanation for the difference in selectivity data between PTMSP-silica and PMP-silica. These measurements showed that the difference is caused by different membrane structures of the two materials. Silica particles are much better dispersed in PMP, while PTMSP nanocomposites contain larger aggregates and more interstitial cavities. In PTMSP, the interstitial mesopores are probably interconnected, forming channels throughout the entire thickness of the membrane. In PMP/silica nanocomposites a constant selectivity is observed indicating the absence of interconnected channels through the thickness of the membranes.
Creating interstitial mesopores in polymer nanocomposites is therefore important to prepare highly permeable membranes, while the aggregate structure has to be carefully designed to avoid selectivity loss. This knowledge can be used to prepare more efficient nanocomposite membranes for the use in gas separation applications. 
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